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Abstract 
Understanding the combustion chemistry of the butene isomers is a prerequisite for a 
comprehensive description of the chemistry of C1 to C4 hydrocarbon and oxygenated fuels 
such as butanol. For the development and validation of combustion models, it is thus crucial 
to improve the knowledge about the C4 combustion chemistry in detail. 
Premixed low-pressure (40 mbar) flat argon-diluted (25%) flames of the three butene isomers 
(1-butene, trans-2-butene and i-butene) were studied under fuel-rich (=1.7) conditions using 
a newly developed analytical combination of high-resolution in-situ molecular-beam mass 
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spectrometry (MBMS) and in-situ gas chromatography (GC). The time-of-flight MBMS with 
its high mass resolution enables the detection of both stable and reactive species, while the 
gas chromatograph permits the separation of isomers from the same sampling volume. The 
isomer-specific species information and the quantitative mole fraction profiles of more than 
30 stable and radical species measured for each fuel were used to extend and validate the C4 
subset of a comprehensive flame simulation model. The experimental data shows different 
destruction pathways for the butene isomers, as expected, and the model is well capable to 
predict the different combustion behavior of the isomeric flames. The detailed analysis of the 
reaction pathways in the flame and the respective model predictions are discussed.  
 
1. Introduction 
Combustion processes will remain, in the foreseeable future, a significant contribution to 
satisfy the increasing demand for energy. With limited availability of conventional 
hydrocarbon fuels, strategies for the development of alternative fuels are intensely 
investigated. Besides non-classical hydrocarbon fuels, such as biomass-based synthetic fuels 
(biomass-to-liquid; BTL) or liquefied petroleum gas (LPG), biomass-derived alcohols such as 
bio-butanol are widely discussed. Related demands regarding combustion efficiency and 
pollutant emission of such fuels require a fundamental, detailed understanding of their 
reaction sequences. Especially for new bio-derived fuels, uncommon classes of harmful by-
products may occur, and the emission behavior may depend strongly on the specific fuel 
structure [1].      
In this context, recent investigations on the combustion of butanol isomers [2-6] have 
demonstrated the importance of the reaction subset of butene isomers and of the related C4 
chemistry. In addition, reliable butene reaction kinetics is of crucial importance as reaction 
subsets for higher hydrocarbons, including e.g. n-heptane and iso-octane; also, LPG fuel 
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usually contains C4 hydrocarbons in high amounts. Furthermore, novel combustion strategies, 
as for example in the low-temperature regime, may need revisiting of hydrocarbon 
mechanisms for these conditions [7]. This situation has led us to investigate the combustion 
behavior of all three butene isomers (namely 1-, 2-, and i-butene) under identical conditions in 
flat, premixed low-pressure flames. 
Previous studies have primarily addressed combustion, oxidation, and pyrolysis of i-butene, 
whereas only few studies are available for 1-butene. Most recently, Zhang et al. [8] have 
investigated the pyrolysis of all three isomers including 1-butene. Their study provides 
isomer-selective speciation of the pyrolysis products of 1-, 2-, and i-butene in the temperature 
regime between 900 and 1900 K and has developed a respective kinetic mechanism. Also, 
results from oxidation experiments [9,10] and butene-doped diffusion flames [11] are 
available for 1-butene. Several studies have been devoted to the pyrolysis and oxidation of 
i-butene [11-18]. The latter was investigated in a turbulent flow reactor [12], shock tubes 
[13-16], and in a jet-stirred reactor (JSR) [17]. Dias et al. [18] have recently studied a very 
lean premixed i-butene flame at low pressure. Furthermore, recent studies have investigated 
the individual reaction channels of the butene isomers with OH [19] and HO2 [20]. 
In this work we present a systematic investigation of flames fueled by the three butene 
isomers. To the best of our knowledge this is the first detailed flame study of all butene 
isomers, performed under fuel-rich conditions. The destruction and growth reactions in these 
flames were studied in detail using electron ionization molecular-beam mass spectrometry 
(EI-MBMS) combined with in-situ gas chromatography (GC) from the same sampling 
volume. This analytical combination enables the quantitative detection of stable and reactive 
species by EI-MBMS and additionally the separation of isomers by gas chromatography. 
Experimental results from the three flames were used to validate and improve the subset of 
C4 kinetics in a general hydrocarbon oxidation mechanism based on the work of Hoyermann 
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et al. [21]. Valuable insights into the structure-dependent combustion chemistry for the 
isomeric butene flames were gained from the analysis of the numerical results. 
 
2. Experiment and data evaluation 
2.1 Flames and burner 
Laminar flat flames of 1-butene, trans-2-butene, and i-butene with a composition of 
butene/oxygen/argon (16.5 mol%/58.5 mol%/25.0 mol%) were investigated at 40.0 mbar. The 
resulting stoichiometry is =1.70, and the respective cold gas velocity was 65.6 cm/s at 
300 K, equivalent to a total mass flux of 3.996×10
-3
 g/(cm² s). The gases were regulated by 
calibrated mass flow controllers (MKS) with an error of less than 5% since gas conversion 
factors were applied.  
A home-built flat-flame burner was used; it features a sintered bronze matrix with a diameter 
of 64.0 mm. The burner is mounted on a translational stage which is movable in vertical and 
horizontal direction. The burner chamber has an inner diameter of 320 mm and a height of 
550 mm. 
2.2 Molecular-beam mass spectrometry (MBMS)  
Gas samples were extracted from the flame by a quartz cone (600 m orifice, 25° opening 
angle) which is mounted on a water-cooled frustum (stainless steel, 60 mm in height, 90° 
opening angle). The reaction is quenched immediately when the sample is expanded into the 
first pumping stage chamber to a pressure of 10
-4
 mbar, forming a molecular beam which is 
skimmed and guided to the ion source of the mass spectrometer (pressure 10
-6
 mbar) by a 
home-made copper skimmer. 
The EI-MBMS setup, described in further detail previously [2,22] consists of a two-stage 
Wiley-McLaren ion source combined with a reflectron time-of-flight (TOF) detection unit. 
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This combination provides a high mass resolution of m/m4000 which is needed to 
determine the elemental composition of C/H/O species. Soft ionization using electron 
energies in the range between 10 and 16 eV are typically applied to minimize undesirable 
fragmentation processes. In this work, nominal electron energies of 10.6, 12.0, and 13.4 eV 
were employed for the detection of intermediate species, and 18.0 eV was applied for major 
species determination. As detection unit serves a multichannel plate (MCP) with a 
multichannel scaler for data recording. The molecular-beam sampling technique preserves the 
gas composition of the sample and enables detection of reactive species such as radicals. In 
the molecular-beam modus, centerline species profiles were measured as a function of the 
burner-to-cone distance (h) in a so-called "burner scan".  
2.3 EI-MBMS – GC coupling 
Gas chromatography is widely used as an analytic tool for combustion diagnostics; usually it 
is combined with microprobe sampling [17,23,24] or other off-line sampling techniques 
[25,26]. In spite of its inability to detect reactive compounds, its potential of detailed, even 
isomer-specific, separation of stable compounds is remarkable. For the present study, a gas 
chromatograph (Trace GC, Thermo Fisher Scientific) was coupled to the mass spectrometer 
described above. A low-pressure sampling interface was developed in order to transfer a gas 
sample from the first pumping stage of the MBMS setup to the high-pressure environment of 
the chromatograph. This is intended to provide isomer-specific information for stable 
intermediate species which is not available from EI-MBMS alone. The flame and sampling 
environment is identical for both techniques to ensure direct comparability of the results. To 
the best of our knowledge this is the first approach in which combined in-situ GC and MBMS 
enables flame diagnostics online and from the same sampling volume.  
Figure 1 illustrates the MBMS system and a detailed sketch of the molecular-beam sampling 
arrangement with the adapted GC interface. The first pumping stage and the ionization 
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chamber may be separated vacuum-tight by a gate valve located behind the skimmer. Once 
the molecular beam is blocked, both chambers can be reconnected by a bypass (6 mm tubing) 
located outside of the vessel. This bypass is connected with an 8-way valve (VICI 
ED48UWE) to the low-pressure sampling loop (10 ml sample volume) of the GC system. The 
arrangement allows to feed the sampled volume either into the carrier gas (helium) supply of 
the GC, running at 1.5 bar, or into the vacuum vessel, by establishing a connection between 
the first pumping stage and the ionization chamber (10
-6
 mbar). Pressure in the first pumping 
stage ranges from ~10
-4
 mbar, when the turbomolecular pump is running, up to ~10
-1
 mbar if 
just the foreline rotary pump is used. The latter was done here in order to increase the 
sensitivity. Although the molecular flow regime is not reached under these conditions, we do 
not have evidence to question efficient quenching of the flame reactions. The sample thus is 
assumed to be representative for the respective position in the flame. 
Once the loop is switched to the "sampling" position, a gas sample is withdrawn due to the 
pressure difference of the two chambers. Carrier gas is supplied directly to the GC in this 
valve position. The GC analysis will be triggered by switching the valve into the 
"measurement" position, where the vacuum bypass is blocked and the sampling loop is 
switched into the carrier gas supply. The gas sample will be compressed by the carrier gas and 
delivered to the GC column for temporal separation of its components. As additional features 
of the flame-sampling system, the low-pressure sampling loop may be used to collect any 
external gaseous sample, or a liquid sample may be applied through the standard injection 
system. 
For the purpose of this investigation, the gas chromatograph was equipped with a PLOT 
column (Alumina BOND, Na2SO4 deactivation, Restek) which is suitable for the separation of 
small volatile hydrocarbons, especially for the separation of isomers. An appropriate 
temperature program from 50°C (hold 2.5 min) to 200 °C (heating rate 20 °C/min, duration of 
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program: 16 min) was used to ensure the elution of hydrocarbon species containing up to five 
carbon atoms. The outlet of the column is connected via the heated transfer line directly to the 
ion source of the TOF-MS described above. Full mass spectra were recorded as function of 
the retention time. In order to reduce the recorded amount of data and to improve the signal-
to-noise ratio, spectra were averaged in 4.6 s (0.08 min) intervals. Since the same instrument 
is used as in the MBMS setup, the same high mass resolution, high sensitivity, and soft 
ionization methods (e.g. soft electron ionization and laser-based photoionization) are 
applicable. Furthermore this enables the direct determination of fragmentation patterns for 
relevant flame species without the need of independent cold-gas measurements, because 
temporal separation of stable species can be relied upon. 
2.4 Data evaluation 
The evaluation of the molecular-beam experiment follows the routines previously used in 
[2,27,28] for species quantification in fuel-rich flames. This strategy was only changed in 
minor details, and just a brief description is given here. The integrated mass signal S of a 
species i corresponds to its mole fraction xi in the following way: 
    dEEfEhFKTDSWcxS iiii    )(       (1) 
where c is an instrument term, SW is the number of sweeps, Di is the mass discrimination 
constant, φ is the number of electrons, and FKT(h) is the composition- and temperature-
dependent sampling function.     dEEfEi   is the convolution of the energy distribution 
of the ionizing electrons with the ionization cross section. For the used instrument, the energy 
distribution of the electrons (full width at half maximum (FWHM) ~1 eV) is well 
characterized. Because of the high-energy tail of the distribution, argon could be detected with 
a sufficient signal-to-noise ratio in all measurements, even when the nominal ionization 
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energy was below its ionization threshold (IE=15.759 eV [29]). Thus Ar can be used as 
reference species R, and equation (1) may be simplified to: 
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where ki/R is the species- and energy-dependent calibration factor. Calibration factors for 
major species (O2, fuel, H2O, H2, CO, and CO2) versus Ar were determined from an internal 
calibration procedure based on the direct measurement of the CO/CO2 ratio and the C, H, and 
O element balances. Subsequently, the argon mole fraction was calculated as the balance 
between the sum of all species mole fractions and unity. Further information on the data 
evaluation procedure is provided in the Supplemental Material.  
Further improvements regarding our previous evaluation routines [27] were achieved by 
additionally using the individual element balances to determine calibration factors for O2 and 
the fuel; this was done to account for their early consumption occurring in small amounts near 
the burner surface. The small changes of reactant mole fraction profiles caused by the use of 
the element balance instead of the inlet conditions were seen to improve the agreement 
between model and experiment. Further improvement of the data evaluation procedure 
resulted when intermediate species showing high mole fractions (>1%, found for CH4, C2H2, 
C2H4, C3H6, and C4H6) were accounted for in the evaluation of the argon mole fraction 
profile. Furthermore, a correction of the raw signals for their background (caused by 
accumulation of background gas in the ionization chamber) was carried out for CO, CO2, and 
H2O. No background correction was applied for hydrogen. With this improved approach to 
calibration, the error is estimated to be less than 15% for major species mole fractions and 
less than 20% for H2. 
Calibration factors ki/Ar for reaction intermediates may be obtained by direct cold-gas 
calibration measurements for species for which stable gaseous cold-gas mixtures are feasible. 
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For species for which a direct calibration procedure is not applicable, calibration factors were 
estimated either using the relative ionization cross section method (RICS) [30] or the 
convolution of the literature ionization cross sections with the known energy distribution of 
the ionizing electrons [31]. Further information is given in the Supplemental Material. To 
avoid fragmentation, the scan with the lowest possible energy was used for each species. 
Nevertheless, the agreement of species profiles for different electron energies was seen to be 
remarkably good in most cases. For each of the determined intermediate species, the 
respective calibration method, electron energy, and literature ionization cross section are 
listed in Table 1. 
The accuracy of the experimental results is primarily dependent on the quality of calibration 
data available (ionization cross section, fragmentation pattern, calibration method etc.) for the 
respective species. Based on previous results, gained from different experimental methods 
and different calibration data, the maximum absolute uncertainty may be estimated for the 
different calibration strategies as follows. For directly calibrated species, the error is below 
30%; the uncertainty associated with the convolution procedure depends on the quality of the 
literature ionization cross section (typical uncertainty below a factor of 2). For radicals for 
which the RICS procedure was used, the error is estimated to be in the range of factors of 2-4.  
Each species is associated with an individual absolute uncertainty. However, the error is 
identical for all measured flames and relative comparison of trends between the flames can 
thus be performed with significantly higher precision. 
To evaluate the GC – MBMS data, the mass signals were integrated and considered as a 
function of retention time. Quantitative ratios may be obtained by the determination of the 
peak area of a chromatographic signal and the normalization to their individual ionization 
cross section. Isomers were identified by determination of their individual retention times tR. 
Reference values were obtained from cold-gas measurements. For this, the respective pure 
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reference substance was injected as gaseous sample into the low-pressure sampling loop. 
Liquid substances were evaporated at room temperature using the vacuum of the first 
pumping stage of the MBMS system. The comparison with reference chromatograms was 
obtained from the reference database of the manufacturer whenever this was feasible [32]. A 
resolving power R of 0.94 was achieved for trans-2-butene and 1-butene with the current 
setup. This corresponds to a FWHM of 0.10 min (trans-2-butene) respective to 0.12 min (1-
butene). The precision for the determination of the retention time was measured to be less 
than ±0.10 min for the present setup. 
2.5 Temperature profile 
The temperature profile is crucial input for the successful kinetic modeling of one-
dimensional flames. Since MBMS is an invasive technique, the consideration of the influence 
of the sampling probe is not trivial. By introducing a sampling cone into the laminar flame, 
the flow and temperature fields are perturbed, and an individual deviation from the ideal 
behavior occurs for each burner position. Typically the influence on the measured species 
profiles is low for sufficiently large burner-to-cone distances [33], and the influence on the 
temperature field can be described adequately by using a perturbed temperature profile 
[3,4,27]. 
A perturbed temperature profile may be obtained from the sampling rate of the nozzle. For the 
applied conditions, the sampling rate  ̇ may be expressed as:  
z
st
TM
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z . Here, FKT is the sampling function (see Eq. 1), and p1st is the pressure of 
the first pumping stage. The molecular flow rate   ̇ is temperature-dependent and directly 
proportional to the sampling function FKT as well as to the pressure in the first pumping stage 
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p1st, assuming constant pump speed.  is the heat capacity coefficient (Cp/CV) and M is the 
mean molar mass. C is an instrument-specific constant, which can be obtained at a defined 
position with known temperature T and composition. The instrument factor is derived from 
the exhaust gas region where the (partial) equilibrium gas composition is precisely known and 
the temperature can be determined without the need of high spatial resolution. Once the factor 
C is known, the actual gas temperature (temperature of the probed gas) can be calculated from 
Eq. (3) for all probed positions.      
For this study, the necessary calibration temperature was obtained independently by laser-
induced florescence (LIF) of seeded NO at a distance of h=21.7 mm without the presence of 
the sampling cone. For this, small amounts of NO (<0.5%) were added to the flame, and 
excitation spectra were taken in the A−X (0−0) band, detecting the broadband LIF emission. 
The temperature-dependent rotational ground-state population of six rotational lines was 
probed in the range of 225.047–225.124 nm. Experimental routines of [33] were applied using 
a one-dimensional LIF setup; the calibration point in the burnt gas was determined with a 
spatial resolution of ~1 mm. 
 
3. Kinetic modeling 
The chemical model is the current version of a general hydrocarbon oxidation model, first 
reported in [21]. In that work, the interdependence of C1-C3 species chemistry was critically 
evaluated by simultaneously modeling the speciation in C2 and C3 flames including benzene 
build-up, flame speeds, and the ignitability of various C1-C4 hydrocarbons over a broad range 
of combustion conditions. In recent years the model was continuously improved and 
augmented. Important steps were the inclusion of n-heptane oxidation at high and low 
temperatures [34], toluene combustion [35], and recently the flame chemistry of the two 
butane isomers [27]. 
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Augmenting hydrocarbon oxidation models to larger fuels provides a critical test for the 
kinetic data set and the applied thermochemistry, especially when fuel degradation pathways 
are analyzed, which is the focus of the present work. The reason is that smaller species, here 
the C1-C3 species, are formed at different stages during the combustion process. This may 
imply very different relative mole fractions and temperatures, which can drastically influence 
the competition of elementary kinetic steps.  
The kinetic model applied in this study is largely identical with the mechanism used in the 
preceding work on butane flame chemistry [27]. The sub-set of reactions accounting for the 
high-temperature oxidation of branched C4 species was taken from the iso-octane oxidation 
model of the Lawrence Livermore National Laboratory (LLNL) [36]. The thermodata of 
several species including the fuels and their C4 degradation products formed via subsequent 
H-atom abstraction, were updated using the thermodata of the database of Goos et al. [37]. 
The mechanism, thermodynamic and transport data are available in Chemkin format as 
supplemental data. The respective sub-mechanisms for 1-butene, 2-butene and i-butene can 
also be found in table S2 in the supplemental material. 
The kinetic data for several reaction steps needed modification to capture the degradation of 
the butene isomers. These changes include new product channels and kinetic data for 
reactions such as alkene + OH [38] and pathways for the build-up of C5 species [39]. An 
example for improved product channels is: 
   CH2=CH-CH2-CH3 + ȮH  CH3Ȯ + C3H6.      (R 380)   
In the absence of literature reports on mechanistic branching at high temperatures, the product 
pathways for some reactions were formulated on the basis of the experimental flame 
chemistry data presented below. Examples are:  
CH2=CH-CH2-CH3 + H  CH3-CH=CH2 + ĊH3    (R 378) 
 CH2=CH-CH2-CH3 + H  CH2=CH2   + ĊH2CH3.     (R 379) 
 13 
 
 
Reaction numbers refer to the numbers given in the reaction mechanism provided as 
supplemental material. Pressure dependence was considered when necessary, also for added 
reactions. For example: 
 ĊH2-CH=CH2 + ĊH3 (+M) → CH2=CH-CH2-CH3 (+M)    (R 354) 
We note that reactions of this pathway, (R 378) and (R 379) are also included in the 
aforementioned pyrolysis study of Zhang et al. [8].  
Another modification from the original C4 sub-mechanism is the separation of different 
isomers for C4H7 (which were originally lumped): C4H7P-1 (H2C=CH-CH2-ĊH2; But-3-en-1-
yl radical), and I-C4H7 (H2C=C(CH3)ĊH2; 2-methyl allyl radical). C4H7S-1 
(H2C=CH-ĊH-CH3; But-3-en-2-yl radical) is a resonance stabilized species. Similar 
modifications were made for 1-butene and 2-butene where additional reactions were included 
and some rate coefficients were updated. The thermochemistry for C4 species was updated 
[37]. Backward rate coefficients are calculated from thermodynamic equilibrium, which is 
different from [36]. Furthermore rate coefficients for reactions (R 508), (R 845) and (R 852) 
were actualized, see supplement for details. 
The minor modifications to the model only influence the mechanistic branching in the C-atom 
mass flow from the C4 fuels under study. The comprehensive character of the mechanism 
(see e.g. Refs. [21,34]) was maintained while the range of targets was extended to the flame 
chemistry of the butene isomers. A detailed report on our ongoing efforts aiming to develop 
an extended, compact multi-fuel component model is in preparation and beyond the scope of 
this work.  
All calculations were performed with the premixed burner-stabilized flame module of the 
current version of the DARS software package [40]. First, the overall conservation equations 
for total mass, represented by the continuity equation, and the species are solved. The energy 
equation is not solved, instead the experimental temperature profile is used. The diffusion was 
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calculated as mixture average diffusion, including thermal diffusion. The fresh gas 
composition, pressure and disturbed temperature profile are input to the numerical 
calculation. 
The mechanism used for flame simulations in the present study consists of 163 species and 
1103 irreversible reactions (forward and backward reactions are counted separately as 
individual, irreversible reactions). Perturbed temperature profiles were used as parameterized 
input curves without any shift between measurement and simulation. 
4. Results and discussion 
The discussion of individual species profiles is guided by the model-based reaction flow 
analysis for carbon atoms. After a short introduction into the reaction path analysis, as applied 
in this work, and discussion of major species and temperature profiles of the flames, a 
detailed analysis of the most important intermediate species will thus be given in the 
following section. 
4.1 Major fuel destruction pathways 
The results of the detailed reaction flux analysis are illustrated in Figs. 2-4 for the individual 
butene fuels. Fuel consumption pathways are commonly initiated by C-C bond cleavage or 
abstraction of H-atoms by small radicals (H, O, OH, HO2, etc.) from the hydrocarbon 
backbone. Please note that in the following discussion, some species are abbreviated using 
their names from the kinetic model; this is done to facilitate comparison with the reaction 
schemes in Figs. 2-4. 
The flow analysis visualizes the flow of carbon atoms. Percentage numbers presented in the 
figures are the number of C-atoms consumed by the respective reaction from the reactant 
molecule to the product molecule(s). The flux is normalized with the total flux of carbon 
atoms consumed by reactions with the reactant molecule. The figures filtered out minor 
 15 
 
 
reaction pathways, and the numbers do not add to 100%. We choose atom fluxes, since atoms 
are, in contrast to molecules, conserved scalars. This makes fluxes at all levels of the reaction 
mechanism comparable. 
Note that normalization to the carbon flux yields a non-molar quantity. The flow analysis of 
2-butene (figure 3) for example shows that the carbon flux to form C3 species, (i.e. C3H5 
(H2C=CH-ĊH2; allyl radical) and C3H6 (CH2=CH-CH3; propene) adds up to 45.5%, and the 
amount of the corresponding C1 fragments (i.e. CH3 (ĊH3; methyl radical) and CH3O 
(CH3Ȯ; methoxy radical)) represents 15% of the total carbon flow. The ratio of 3:1 reflects 
the carbon content of the reaction products. 
4.1.1 1-Butene destruction 
The breakdown of 1-butene (Fig. 2) is dominated by abstraction of either hydrogen in allyl 
position or H-abstraction from the terminal methyl group. Both resulting radicals, C4H7S-1 
(H2C=CH-ĊH-CH3; but-3-en-2-yl) and C4H7P-1 (H2C=CH-CH2-ĊH2; but-3-en-1-yl) 
decompose by β-scission of a C-H bond to form C4H6 (H2C=CH-CH=CH2; 1,3-butadiene). 
Butadiene marks the beginning of the subsequent dehydrogenation chain in which the C4 
backbone is conserved. 
In competition to the H-abstraction, the H-induced cleavage of a methyl group (R 378) is 
found to be the second most important destruction channel. This reaction is the major 
contributor to the C3 destruction pathway. Minor contributions from the cleavage of the 
allylic C-C bond to form allyl and methyl radicals additionally feed into the C3 route.  
Final oxidation is achieved through C2 and C1 reaction sequences. The C2 route starts from 
ethene via the vinyl radical and the ketyl radical (HCCO). The C1 chain starts from methyl 
which primarily reacts over formaldehyde and the formyl radical towards CO and CO2. Under 
our fuel-rich conditions, the C2 route turns out to be slightly more important. However, 
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numerous connections exist between the C1 and C2 paths, and both routes are fed from 
different species of the C4 and the C3 destruction channels. 
4.1.2 2-Butene destruction 
The destruction of 2-butene is summarized in Fig. 3. In contrast to the conditions in the 1-
butene flame, the H-induced breakdown towards propene is the dominating consumption 
pathway for this fuel: 
CH3-CH=CH-CH3 + H  CH2=CH-CH3 + ĊH3    (R 396) 
Additional contributions to the C3 destruction are again seen from the C-C bond cleavage to 
form allyl and methyl radicals, either directly from the fuel or after isomerization to cis-2-
butene (C-2-C4H8). The competing reaction towards butadiene and the C4 destruction route, 
i.e. the abstraction of a terminal H-atom, is seen to be only of minor importance for this fuel. 
The final oxidation again passes through the same C1 and C2 channels as for the 1-butene 
flame. Consequently, these channels are supported almost exclusively from the C3 destruction 
products.  
4.1.3 i-Butene destruction 
Due to its branched backbone, i-butene exhibits some distinct differences in its destruction 
pathway when compared to the other butene isomers. The reaction path analysis for i-butene 
is given in Fig. 4. The dominant reaction pathway for this isomer is the H-abstraction from 
one of the methyl groups to form I-C4H7 (H2C=C(CH3)ĊH2; 2-methyl allyl radical) and the 
subsequent elimination of the other methyl group in order to form C3H4 (H2C=C=CH2; 
allene). Again some minor contribution of the C-C bond fission is seen also in this flame. 
However, in this case the C-C bond cleavage of one methyl group opens a pathway towards 
C3H4P (HC≡C-CH3; propyne) via C3H5-T (H2C=Ċ-CH3; propen-2-yl radical). 
Because of the branched backbone, a sequential dehydrogenation to form 1,3-butadiene and 
the related C4 products is not possible for the i-butene fuel. Thus C4 hydrocarbons must be 
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formed from growth products. According to the model this is primarily I-A-C5H10 
(H2C=C(CH3)-C2H5; 2-methyl-1-butene). The C4 destruction pathway, however, is of minor 
importance in the i-butene flame. 
The reaction i-butene + H provides the adduct I-C4H9 (Ċ(CH3)3; i-butyl radical) in this flame 
which decomposes in a second step to propene, which additionally contributes to the C3 
species pool. Note that in the current reaction subset [36] the direct formation of propene from 
i-butene is not implemented as a single-step reaction. This can be explained by steric 
hindrance of reactions with the central C-atom by the branched fuel molecule. The lower 
propene yield in case of the i-butene flame indicates that propene formation from this fuel is 
less efficient and the implemented sub-model captures this experimental finding. The further 
consumption of the C3 species pool is again similar to that for the other isomers and occurs 
via C1 and C2 compounds. 
4.2 Major species 
The profiles of the major species, namely butene, O2, Ar, CO, CO2, H2, and H2O are 
summarized in Fig. 5 for the three flames. Profiles are compared with the modeling results as 
well as with the respective equilibrium values, indicated at h=32 mm. The equilibrium 
composition for the respective exhaust gas temperature was calculated [41] using the same 
thermodynamic dataset [37] as applied in the detailed reaction model. Figure 5 also includes 
the perturbed temperature profiles (see Section 2.5) that were used as input parameters. 
Considering the major species profiles and the respective temperature profiles, the global 
combustion behavior is very similar for the three flames. This holds in spite of the about 
150 K lower temperature of the i-butene flame. This temperature difference may be due to the 
slightly lower heat of combustion (1–C4H8: ΔcH˚=2716 kJ/mol, 2-C4H8: 2707 kJ/mol, i–C4H8: 
2699 kJ/mol [42]) in combination with an increased heat flux towards the burner surface since 
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the reaction zone of the i-butene flame is located slightly closer to the burner surface (<0.5 
mm; compare e.g. C3H3 and C3H4 mole fraction profiles in Figs. 6 and 7).  
In general, a very good predicting capability for the major species profiles can be noted for all 
butene isomers. This good agreement is valid for the profile shape as well as for the exhaust 
gas concentration. Note that the slightly larger deviation between experiment and simulation 
for the 2-butene flame is within the experimental error range. Also, lower pumping efficiency 
for H2 results in slightly higher experimental H2 mole fractions and minor deviations from the 
predictions. 
4.3 Intermediate species 
Species profiles and the respective model predictions will be discussed in this section. 
Following the fuel destruction sequences, we will start with the important pathways forming 
C3 species, followed by the dehydrogenation reactions supporting the C4 route, the smaller 
destruction products, and we will close with some selected growth products. A summary of 
experimental and modeling results is given in Table 1 for all measured intermediate species. 
Note that the experimental species profiles may be affected by the perturbance of the flow 
field by the nozzle. This effect is most distinct for small burner-to-cone distances. Measured 
data points at heights of h1 mm from the burner surface are therefore less reliable and they 
have been displayed with open symbols in the following figures. 
4.3.1 Reaction pathways of propene and other C3 compounds 
The destruction of the investigated butene fuels towards propene and other C3 species is an 
important pathway for each fuel. Figure 6 therefore presents the first formed C3 compounds 
and the related soot precursors propargyl and benzene. 
Propene may be formed directly from the fuel in the 1- and trans-2-butene flames by (R 378) 
and (R 396). For 2-butene, the direct destruction pathway towards propene is the major fuel 
destruction reaction, while the i-butene flame produces propene primarily from the β-scission 
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of the i-C4H9 radical which, however, is formed from the fuel by H-addition. Pathways are 
comparable to those found in previous studies for n-butane [9] and i-butene [14,15] even 
though the respective conditions (temperature range, stoichiometry, pyrolysis) differ 
significantly. According to results of Dias et al. [18] from a lean flame, the direct H-induced 
formation of propene is important also for i-butene. 
The quantitative model prediction for propene peak concentration (compare Fig. 6) is 
remarkable for all butene fuels. Even without consideration of the direct, H-induced propene 
channel for i-butene, the prediction of both profile shape and peak position is still satisfactory. 
Because of the perturbance of the flow field near the burner, data points at h1 mm (open 
symbols) should not be overrated. Similarly good agreement is observed for the allyl radical, 
except for the 2-butene flame where allyl is somewhat over-predicted. This good agreement is 
also seen in the profile shapes, with the exception of a small shift (<0.5 mm) of the peak 
position in the i-butene flame. It is worth remembering that no additional shift was applied for 
comparison, neither to the modeling results nor to the perturbed temperature profile, and that 
the lateral uncertainty in the position is in the same order as the noted discrepancy. The allyl 
radical is primarily formed by H-abstraction from propene in all flames. An additional source 
occurs in the flames of the linear butenes due to the fission of a respective C-CH3 bond. For 
the i-butene flame, the C3H5-T (H2C=Ċ-CH3; propen-2-yl radical) radical formed by C-C 
bond scission must be considered in addition. 
The majority of allyl radicals undergoes a β-scission of the central C-H bond to form C3H4 
(H2C=C=CH2; allene). Allene and its isomer C3H4P (HC≡C-CH3; propyne) are not 
distinguishable in the EI-MBMS experiment but may be separated in the GC mode. Figure 7 
thus provides the profiles of the total C3H4 mole fraction (model and experiment) and the 
respective chromatograms obtained at h=3 mm in the three flames. Note that the experimental 
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mole fractions are slightly too low since the total MBMS signal was calibrated as propyne. 
However, the good quality of the model prediction is similar to that for other C3 species.  
Chromatographic peaks were assigned according to the reference database [32]. Note that for 
quantitative comparison the ionization cross sections of both species must be considered, e.g. 
by normalization of the respective peak area to the individual calibration factors of allene and 
propyne. With the cross-section-corrected propyne/allene ratio, the individual peak mole 
fractions can be obtained from the total C3H4 mole fraction measured by MBMS. According 
to the model prediction, the propyne/allene ratio is not independent from the position h once 
the allene peak mole fraction is passed. To avoid position-dependent effects, the respective 
peak mole fractions are compared. The experimental results obtained at 3 mm are compared 
to the simulations (from the respective C3H4 maxima) in Table 2. The individual allene and 
propyne mole fractions are slightly under-predicted for all flames. However, a remarkably 
good agreement of the propyne/allene ratio is found for all flames except for the 2-butene 
flame. Most of the propyne is formed by isomerization of allene in all flames, with exception 
of the i-butene flames, where an additional pathway via C3H5-T exists. Since the 
propene/allene ratio is remarkably similar in all flames, the isomerization appears to be fast 
enough, so that allene and propyne tend to be in partial equilibrium, and consequently, just 
small deviations of the propyne/allene ratio are seen. The further dehydrogenation of both 
C3H4 species may produce propargyl radicals which are known as important benzene and soot 
precursor species in most flames [21,43] with non-aromatic fuels. 
For the butene flames investigated here, the highest benzene mole fraction is seen in the 
i-butene flame, followed by that in the 1- and 2-butene flames, which exhibit roughly half of 
the amount detected in the i-butene flame (compare Fig. 6). This behavior can be correlated 
directly with the propargyl radical mole fraction in the three flames where the same 
concentration pattern is detected. The benzene mole fraction for the linear butene flames is 
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roughly the same as measured for the comparable i-butane flame [27], while the amount seen 
in the saturated linear n-butane flame is again a factor of 2 lower than for the branched 
isomer. 
4.3.2 Fuel dehydrogenation products 
As a first dehydrogenation product, C4H7 radicals are produced through hydrogen abstraction 
from the fuel. The comparison between the model prediction (sum of all C4H7 isomers) and 
the measured mole fractions is shown in Fig. 8. The kinetic model includes three isomers for 
C4H7, namely the secondary radical C4H7S-1 (H2C=CH-ĊH-CH3; but-3-en-2-yl), the primary 
radical C4H7P-1 (H2C=CH-CH2-ĊH2; but-3-en-1-yl), and I-C4H7 (H2C=C(CH3)ĊH2; 2-
methyl allyl radical). The model predicts a mixture (1:2.2) of C4H7P-1 and C4H7S-1 for the 
1-butene flame. Here, the resonance stabilization of C4H7S-1 prevails over the higher 
reaction path degeneracy for the formation of C4H7P-1. In the 2-butene flame, the fuel 
dehydrogenation product C4H7S-1 may be formed by abstraction of a terminal H-atom; note 
that H2Ċ-CH=CH-CH3 is a resonance structure of C4H7S-1. In the i-butene flame, I-C4H7 is 
primarily formed by the abstraction of a methyl-H from the fuel. 
Since no isomer separation can be achieved for radicals in this experiment, the sum of all 
isomers is measured and compared to the numerical results accordingly. Note that different 
isomers are assumed for the experimental data reduction of the individual flames according to 
the model prediction. The in-situ, high-mass-resolution EI-MBMS – GC coupling as realized 
for the first time in this work is thus of eminent value also for the EI-MBMS data evaluation. 
The highest C4H7 mole fraction is observed in the i-butene flame, followed by that in the 
2-butene and finally that of the 1-butene flame. Quantitative model predictions agree within 
experimental error for radical species for all flames. However, the total C4H7 mole fractions in 
the i- and 1-butene flames are slightly over-predicted. The prediction of the profile shape, or 
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the peak position, respectively, is also satisfactory, acknowledging a <1 mm shift towards 
higher burner distances for the i-butene flame.  
The linear radicals formed in the 1- and 2-butene flame can decompose via further H-atom 
loss to C4H6 species. More precisely, 1,3-butadiene as the dominant C4H6 species  may be 
formed by β-scission of the respective C-H bonds of C4H7S-1 and C4H7P-1 in the flames 
fueled by the linear butenes. However, this is not possible for the branched i-C4H7 radical 
formed in the i-butene flame. Consequently the measured mole fraction of C4H6 (sum of all 
isomers) is lowest in the i-butene flame while the linear fuels exhibit significantly higher mole 
fractions. According to the model prediction which considers 1,3-butadiene and 1,2-butadiene 
as C4H6 isomers, the major source of 1,3-butadiene in the i-butene flame is I-A-C5H10 
(H2C=C(CH3)-C2H5; 2-methyl-1-butene), formed from the i-C4H7 radical by methyl addition. 
Again the quantitative model prediction is reasonable and the profile shape is quite well 
captured. Almost quantitative agreement results for the i-butene flame, and only slight over-
prediction of the C4H6 mole fraction is observed for 1-butene, while it is somewhat under-
predicted in the 2-butene flame. 
For each butene flame, the isomeric composition for C4H6 was determined by gas 
chromatographic measurements performed at h=3 mm. 1,3-Butadiene was identified as the 
dominant isomer in all flames, whereas only minor contributions of 1,2-butadiene, 1-, and 
2-butyne were detected. For more details, see chromatograms in Fig. S1 of the supplemental 
material. This is again consistent with the model prediction where also 1,3-butadiene occurs 
almost exclusively besides minor contributions of 1,2-butadiene. For the i-butene flame, it is 
worth noting that the 1,3-butadiene mole fraction is smaller with respect to those of the other 
C4H6 isomers, which is consistent with the absence of a direct pathway towards 1,3-butadiene. 
This result points towards fuel-independent channels for the formation of the remaining C4H6 
isomers, not depicted in the model. 
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4.3.3 Destruction products of 1,3-butadiene  
1,3-Butadiene is the dominant C4H6 isomer in all butene flames and thus the consecutive 
breakdown is similar in all flames. Butadiene may be destroyed via subsequent 
dehydrogenation until the C4 chain breaks apart to support the C2 species pool. Figure 9 
shows mole fraction profiles for important species in the butadiene destruction, including 
C4H4 (H2C=CH-C≡CH; vinylacetylene), C4H2 (HC≡C-C≡CH; diacetylene), C2H2 
(HC≡CH; acetylene), and the C4H5 and C4H3 radicals. Isomer separation is not applicable for 
the radical species, and the sum of isomers is detected in the experiment, while the model 
considers N-C4H5 (H2C=CH-CH=ĊH; buta-1,3-dien-1-yl) and I-C4H5 (H2C=CH-Ċ=CH2; 
buta-1,3-dien-2-yl) as well as N-C4H3 (HĊ=CH-C≡CH; but-1-en-3-yn-1-yl) and I-C4H3 
(H2C=Ċ-C≡CH; but-1-en-3-yn-2-yl). Because of the symmetry of 1,3-butadiene, two different 
H-atoms may be abstracted to form either n-C4H5 by terminal H-abstraction or i-C4H5 by 
abstraction of an allylic H-atom. Both radicals react towards vinylacetylene. According to the 
model prediction, the route via i-C4H5 is favored, due to the stability of the secondary allylic 
radical. The respective i-isomers (i-C4H5 and i-C4H3) were indeed identified previously as 
main isomers in other hydrocarbon flames [44] using photoionization techniques. 
Experimental values were therefore calibrated as i-C4H5 and i-C4H3, respectively. 
Additionally, a direct fission of the single C-C bond in butadiene to form two vinyl radicals 
can in part contribute to the C4H6 consumption.  
The quantitative agreement of experimental result and model prediction seen in Fig. 9 for 
C4H5 is acceptable for all flames, especially in view of the uncertainty for radical species 
calibration and of the contribution of different isomers to the experimental signal. The 
shoulder that can be observed in the figure is related to the species i-C4H5, due to the fact that 
it is formed faster compared to the n-C4H5 radical. However, it should be considered that 
experimental results show similar concentration levels for all flames, while the model 
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prediction for 1-butene is significantly higher than for the other flames. This effect correlates 
directly with the over-prediction of butadiene in the 1-butene flame (see Fig. 8) and 
propagates through the further destruction steps towards C4H4 and C4H3. For C4H4, 
vinylacetylene is the most probable isomer, and indeed, only a single peak at m/z=52.075 amu 
is recorded in the chromatogram (not shown). Photoionization studies in a 1,3-butadiene 
flame [43] have also confirmed vinylacetylene as only detectable isomer. The model 
prediction capability can be considered as excellent for 1-butene and is still good for 2- and 
i-butene. However, a relative over-prediction for 1-butene is noted when trends are compared 
between the fuels. 
H-abstraction from vinylacetylene again leads either to the n-C4H3 or the i-C4H3 radical. In 
analogy to the partition for the C4H5 radicals, the mesomeric stabilization of the i-C4H3 
isomer leads to an elevated contribution of this pathway. The situation is different for the 
C4H5 isomers, however, in that branching between channels is possible, i.e. n-C4H3 radicals 
decompose via C-H bond scission to form C4H2, while i-C4H3 tends to decompose via C-C 
bond scission to form acetylene. The quantitative agreement between experiment and model 
is acceptable. Relative trends are consistent with the precursor species, i.e. the noted relative 
over-prediction for the 1-butene flame. 
Acetylene profiles as the endpoint of this reaction chain also do not show a distinct 
dependence on the respective fuel structure, either in the experimental data, or in the model 
prediction. Moderate quantitative agreement for model and experiment is observed with a 
good representation of relative trends. The slightly higher deviations are not surprising, since 
C4 species destruction is not the major formation pathway for acetylene. 
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4.3.4 Smaller destruction products and oxygenated species  
In Fig. 10, different smaller destruction products are presented, including CH3 (methyl 
radical), CH4 (methane), C2H6 (ethane), and C2H4 as well as some oxygenates, namely CH2O 
(formaldehyde) and CH3HCO (acetaldehyde).  
The quantitative model prediction of these smaller destruction products is reasonable. Profile 
shapes are again in good agreement with the experimental results when the first data points 
close to the burner are not considered because of probe effects. The respective trend, i.e. order 
of peak mole fractions, is predicted correctly for all C1 and C2 compounds. Methane, methyl, 
and formaldehyde are shown as important representatives of the C1 reaction chain. These 
compounds exhibit a comparable concentration level, in the experiment as well as in the 
model prediction, for all fuels. However, absolute mole fractions of methyl are somewhat 
over-predicted while methane is under-predicted by the model for all flames. Formaldehyde 
profiles, in contrast, show a slight over-prediction for 1-butene and under-prediction of 
approximately the same order for the 2- and i-butene flames. Note that the corresponding 
formyl radical mole fraction (not shown) is over-predicted by a factor of ~4 in all flames, 
which is above the experimental error limit. 
In general, aldehydes, including formaldehyde and acetaldehyde, detected in the butene 
flames are as low as may be expected for hydrocarbon flames [45]. In contrast to the fuel-
independent formaldehyde mole fraction, acetaldehyde is seen in substantially lower 
concentration in the flame of the branched i-butene. This behavior corresponds approximately 
to that seen in flames of oxygenated fuels in that high acetaldehyde concentrations are found 
together with low soot precursor mole fractions and vice versa [1,45]. Note that acetaldehyde 
and its isomer ethenol are not separated in this study, neither experimentally nor in the 
numerical simulation. Since acetaldehyde was seen as major contributor to the C2H4O signal 
in many flames [1,27,46], the species was calibrated accordingly. 
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Ethane, ethene as well as acetylene (compare Figs. 9 and 10) are selected representatives of 
the C2 reaction chain. Again, concentration levels are similar for most C2 compounds in the 
three flames. Distinct differences may be noted for ethene and ethane which are more 
pronounced in the flames of the linear butenes. The model is able to reproduce this behavior, 
except for ethane in the i-butene flame for which the C2H6 mole fraction is slightly over-
predicted. 
4.3.5 Growth products: C5 species 
As mentioned before in Section 4.3.2, C5 species must be formed by build-up reactions. 
Figure 11 presents mole fraction profiles for the sums of C5H8 and C5H10 isomers. Note that 
the C5 reaction subset of the present kinetic reaction model was primarily developed to 
predict the combustion behavior of n-hexene. The poor predictive capability for the C5 
species pool is thus not surprising. Model predictions are scaled by a factor of 0.25 for 
comparison. 
In the present numerical approach, C5H10 is represented as I-A-C5H10 (CH2=C(CH3)C2H5; 
2-methyl-1-butene); it may be formed by recombination of i-C4H7 and methyl radicals and is 
thus involved in the butadiene formation from i-butene (compare Section 4.1.3). According to 
the present modeling approach, it may react over different C5H9 radicals to form I-A-C5H8 
(CH2=C(CH3)CH=CH2; isoprene). Additionally, the model includes the linear C5H8-13 
species (CH2=CH-CH=CH-CH3; 1,3-pentadiene) but predicts almost exclusively isoprene for 
all three flames. 
Further development of the model to predict C5 growth products depends primarily on 
reliable species identification as provided by the GC analysis. However, development of a full 
C5 sub-mechanism is beyond the scope of the present work.  
Figure 12 shows the results of the GC measurements for C5H8. Signals identified as stemming 
from fragments or other measurement artifacts are not indicated as species. The calibration 
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measurements provided reliable retention times for cyclopentene, isoprene, 1,4-pentadiene, 
and trans-1,3-pentadiene. In all three butene flames, four different C5H8 isomers were 
detected. The main two isomers were identified unambiguously, with predominantly isoprene 
(tR=9.49 min) and minor contributions of trans-1,3-pentadiene (tR=9.89 min), as indicated in 
Fig. 13. This result is consistent with the numerical simulation. The signal ratio of 
1,3-pentadiene to isoprene is highest in the 1-butene flame and lowest for the i-butene flame 
where almost exclusively isoprene is detected.  
The C5H8 species related to "peak 1" (tR=9.26 min) and "peak 2" (tR=10.51 min) were also 
detected in all flames. Unfortunately, unambiguous identification was not possible due to the 
lack of reference measurements. However, assigning "peak 2" to be cis-1,3-pentadiene 
appears feasible since cis-isomers commonly elute later than the respective trans-isomers 
from the used type of column and cis-trans isomerization is possible under flame conditions. 
The chromatograms for C5H10 from the three flames including the respective calibration 
measurement are shown in Fig. 13. The calibration measurement includes 3-methyl-1-butene, 
trans-2-pentene, n-pentene, 2-methyl-1-butene, and cis-2-pentene. In the 1-butene and 
2-butene flame, trans-2-pentene (tR=8.38 min) was identified as the main isomer which is also 
present in the i-butene flame. Regarding the limited precision in determining tR (± 0.10 min), 
the second signal ("peak 3") could not be assigned unambiguously. Possible isomers are 
2-methyl-1-butene, n-pentene, and cis-2-pentene. Again, the corresponding cis-isomer (cis-2-
pentene) appears to be most likely for the linear butene flames. 
In the i-butene flame, the ratio of the isomers is clearly different; here, a minor contribution 
from trans-2-pentene is seen. The second isomer in this flame can most probably be assigned 
to be 2-methyl-1-butene. 2-Methyl-1-butene (I-A-C5H10) may be formed from recombination 
of i-C4H7 and the methyl radical. This reaction is also seen in the simulation to be important 
for the formation of the linear C4 species pool in this flame (compare Section 4.3.2). 
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Consequently, C5H10 and its dehydrogenation product isoprene are favored in the i-butene 
flame compared to the 1- and 2-butene flames, where the total C5H8 mole fractions are also 
about a factor of 2 smaller.  
 
5. Summary and conclusions 
To support the development of reliable detailed reaction kinetics for the high-temperature 
oxidation of hydrocarbons, we have investigated the flames of the three butene isomers. The 
C4 hydrocarbon reaction chemistry is an important subset for LPG and other hydrocarbon 
fuels. It is also of importance as a reaction subset for the destruction of the butanol isomers, 
some of which are discussed as potential biofuels. Existing reaction models [3,4] have 
highlighted the importance of the water elimination reaction which may form butene isomers 
from the respective butanol fuel. However, both studies were focused on the butanol 
breakdown, and higher hydrocarbon species (including the butene destruction products) are 
either not reported due to the poor model prediction [3] or the reported trends are not in good 
agreement with the experimental results [4]. The present study may contribute to the 
improvement of the respective models.  
In this work, mole fraction profiles of 36 species were measured in fuel-rich flat butene 
flames using molecular-beam mass spectrometry. The identification of the species pool relied 
on the determination of the elemental composition of the involved species, with additional 
isomer-specific analysis, achieved by coupling in-situ gas chromatography to the molecular-
beam experiment. This setup enables direct application of both analysis techniques without 
changing the flame environment. 
The resulting detailed species information was used to improve the C4 reaction chemistry of 
an extensive, dedicated hydrocarbon oxidation mechanism [21]. A single mechanism which 
considers more than 160 species, connected by more than 1100 reactions (counting forward 
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and calculated backward steps separately), was used to predict the structure of all three 
flames. For appropriate modeling application, perturbed temperature profiles were derived 
directly from the mass spectrometric experiments and calibrated by optical measurements. In 
general, the predicting capability of the presented kinetic model is very good for the major 
combustion products as well as for many intermediate species for all three fuels. This good 
agreement is valid for profile shapes as well as for the quantitative mole fraction results. Two-
thirds of the species smaller than the fuel molecule are predicted within the experimental 
error. All major trends, including relative mole fraction patterns observed between the 
individual fuels are reliably represented by the model. 
A detailed analysis of the respective reaction sequences was performed based on the detailed 
mechanism. All three butene fuels are primarily destroyed following a C4 route and a C3 
route with varying importance. The C3 route via propene, allene, and propyne is a strong 
destruction pathway for all three isomers. For the i-butene flame, this pathway occurs almost 
exclusively, because of the branched backbone of the fuel molecule. However, the C4 route 
via 1,3-butadiene and vinylacetylene is of crucial importance for the linear isomers 1- and 
2-butene. 
Indeed, the total C3H4 to C4H4 peak mole fraction ratio which may serve as an indicator of the 
C3:C4 pathway ratio is approximately 5:1 for the 1-butene flame and 3:2 in the 2-butene 
flame. This is quite close to the ratio observed in a butadiene flame [43] (roughly 1:1) which 
is primarily destroyed through the C4 pathway. On the other hand, the C3H4 to C4H4 peak 
mole fraction ratio in the i-butene flame of roughly 7:1 is the same as the ratio observed in 
neat propene flames of ~7:1 [47] which highlights the strong C3 pathway for this fuel isomer. 
Similar trends can be observed in flames of the butane isomers [27], where a C3H4 to C4H4 
peak mole fraction ratio of about 5:1 is observed for the branched i-butane and 5:2 for the 
linear n-butane flame. 
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Table 1. Intermediate species measured with MBMS and comparison with numerical results in the butene flames. M: nominal mass; E: electron 
energy; IE: ionization threshold; calibration method: "RICS" (of reference species in parenthesis), "convolution" (of energy distribution and 
ionization cross section) or "direct" (cold-gas calibration); xmax: peak mole fraction. For the following species, xmax refers to the sum of all isomers 
(in the MBMS experiment and the simulations): C3H4, C3H5, C4H3, C4H5, C4H6, C4H7, C5H8, C6H4, and C6H6. Detailed information regarding the 
isomeric composition can be found in the Supplemental Material.*: for H, O, OH and HO2, no experimental data are available. 
Species M E (eV) IE (eV) Calibrated as Calibration method Ref. 
1-butene 2-butene i-butene 
xmax Exp. xmax Model xmax Exp. xmax Model xmax Exp. xmax Model 
H 1 * 13.598 Hydrogen atom * [48]  * 3.6E-02 * 3.7E-02 * 3.2E-02 
CH3 15 10.6 9.8 Methyl radical RICS (CH4) [48]  4.3E-03 1.3E-02 5.6E-03 1.3E-02 5.7E-03 1.5E-02 
O 16 * 14 Oxygen atom * [51]  * 2.0E-03 * 2.1E-03 * 1.9E-03 
CH4 16 13.4 12.6 Methane Direct [49]  1.4E-02 7.6E-03 1.2E-02 7.4E-03 1.1E-02 5.6E-03 
OH 17 * 13.017 Hydroxyl radical * [29]  * 1.0E-02 * 1.0E-02 * 8.0E-03 
C2H2 26 12 11.4 Acetylene Direct [50]  3.9E-02 2.2E-02 3.6E-02 2.2E-02 3.3E-02 2.3E-02 
C2H3 27 10.6 9 Vinyl radical RICS (C2H4) [51]  9.7E-06 1.1E-03 1.5E-05 8.8E-04 1.4E-05 6.9E-04 
C2H4 28 10.6 10.5 Ethene Direct [52]  2.3E-02 2.4E-02 1.6E-02 1.5E-02 8.9E-03 1.1E-02 
C2H5 29 10.6 8.1 Ethyl radical RICS (C2H6) [50]  1.8E-04 6.6E-04 8.1E-05 1.9E-04 6.9E-05 1.6E-04 
HCO 29 10.6 8.1 Formyl radical Convolution [51]  4.5E-05 1.9E-04 3.8E-05 1.6E-04 5.9E-05 1.2E-04 
C2H6 30 12 11.5 Ethane Direct [52]  4.7E-03 4.3E-03 5.2E-03 5.7E-03 2.9E-03 4.0E-03 
CH2O 30 12 10.9 Formaldehyde Convolution [51]  4.8E-03 5.9E-03 4.5E-03 3.1E-03 4.2E-03 3.5E-03 
HO2 33 * 11.35 Hydroperoxy radical * [29]  * 2.7E-04 * 2.9E-04 * 1.7E-04 
C3H3 39 10.6 8.7 Propargyl radical RICS (C3H6) [51]  1.0E-03 1.1E-03 6.9E-04 1.3E-03 2.4E-03 1.9E-03 
C3H4 40 10.6 10.4 Propyne RICS (C3H6) [51]  4.3E-03 6.7E-03 3.4E-03 8.0E-03 1.2E-02 1.5E-02 
C3H5 41 10.6 8.1 Allyl radical RICS (C3H6) [51]  2.2E-03 2.0E-03 9.2E-04 1.9E-03 8.1E-04 1.2E-03 
C2H2O 42 10.6 9.6 Ketene Convolution RICS (C2H6O) 5.5E-04 3.5E-04 5.9E-04 3.2E-04 7.5E-04 6.9E-04 
C3H6 42 10.6 9.7 Propene Direct [52]  9.4E-03 8.4E-03 1.5E-02 1.2E-02 5.6E-03 7.5E-03 
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Species M E (eV) IE (eV) Calibrated as Calibration method Ref. 
1-butene 2-butene i-butene 
xmax Exp. xmax Model xmax Exp. xmax Model xmax Exp. xmax Model 
C2H4O 44 10.6 10.2 Acetaldehyde Direct [50] 8.4E-04 9.6E-04 7.5E-04 1.3E-03 2.8E-04 3.4E-04 
C4H2 50 10.6 10.2 Diacetylene Convolution [51]  2.5E-03 1.8E-03 1.9E-03 1.5E-03 3.3E-03 1.3E-03 
C4H3 51 10.6 8.02 But-1-en-3-yn-2-yl Convolution RICS (C4H4) 1.9E-05 9.8E-05 9.1E-05 7.7E-05 2.1E-05 5.2E-05 
C4H4 52 10.6 9.6 Vinylacetylene Convolution [51]  1.7E-03 1.5E-03 2.1E-03 1.1E-03 1.7E-03 7.8E-04 
C4H5 53 10.6 7.95 Buta-1,3-dien-2-yl Convolution RICS (C4H6) 2.4E-05 7.9E-05 2.5E-05 6.2E-05 3.3E-05 3.7E-05 
C4H6 54 10.6 9.1 1,3-Butadiene Convolution [51]  8.5E-03 1.0E-02 1.0E-02 6.3E-03 2.2E-03 2.7E-03 
C4H7 55 10.6   different, see text RICS (1-,2-,i-C4H8) [50]  6.7E-04 1.3E-03 8.5E-04 7.8E-04 1.3E-03 2.1E-03 
C3H6O 58 10.6 10 Acetone Direct [50]  5.7E-04 1.1E-04 2.3E-03 2.7E-04 2.1E-03 3.7E-03 
C5H6 66 10.6 8.6 1,3-Cyclopentadiene RICS (C5H8) [50]  2.6E-04 4.0E-06 2.0E-04 5.4E-06 1.7E-04 1.3E-05 
C5H8 68 10.6 9 Cylopentene Direct [50]  2.0E-04 1.6E-03 2.3E-04 2.2E-03 4.7E-04 2.3E-03 
C5H10 70 10.6 9.52 3-Methyl-1-butene RICS (C5H8) [50]  7.2E-04 1.2E-03 1.2E-03 1.4E-03 2.3E-03 8.9E-03 
C6H2 74 10.6 9.5 Triacetylene Convolution [51]  1.8E-04 3.7E-05 9.1E-05 3.4E-05 2.5E-04 3.4E-05 
C6H4 76 10.6 9.03 Benzyne Convolution RICS (C6H2) 6.0E-05 6.6E-06 3.9E-05 8.3E-06 1.2E-04 1.3E-05 
C6H6 78 10.6 9.2 Benzene Direct [51]  1.6E-04 9.2E-05 1.2E-04 1.2E-04 2.7E-04 2.8E-04 
C7H8 92 10.6 8.8 Toluene Direct [50] 2.1E-05 9.4E-06 1.7E-05 1.2E-05 5.4E-05 2.7E-05 
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Table 2. C3H4 isomers: Allene and propyne peak mole fractions for the three butene flames. 
Comparison of experimental (ratio determined with GC at 3 mm; sum of C3H4 by MBMS) 
and numerical maximum mole fractions. 
 1-butene 2-butene i-butene 
 xmax Exp. xmax Model xmax Exp. xmax Model xmax Exp. xmax Model 
Allene 1.7E-03 2.8E-03 8.8E-04 2.9E-03 4.2E-03 5.4E-03 
Propyne 2.6E-03 4.4E-03 2.3E-03 5.6E-03 8.2E-03 1.0E-02 
Propyne/allene ratio 1.50 1.57 2.64 1.98 1.93 1.90 
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Figure captions 
Fig. 1. Experimental setup of the MBMS apparatus (top), showing flame chamber, first 
pumping stage, ionization chamber, and reflectron TOF-MS. Detailed sampling configuration 
(bottom), including the low-pressure GC sampling interface. Valve positions are indicated: 
continuous lines: "sampling", broken lines: "measurement". 
Fig. 2. Integrated flow analysis of 1-butene consumption. The thickness of the arrows 
indicates the contribution of the respective pathway to the total flux of C-atoms (contributions 
of the consumption of the individual molecule are indicated by percentages next to the 
arrows).  
Fig. 3. Integrated flow analysis of 2-butene consumption. The thickness of the arrows 
indicates the contribution of the respective pathway to the total flux of C-atoms (contributions 
of the consumption of the individual molecule are indicated by percentages next to the 
arrows). 
Fig. 4. Integrated flow analysis of i-butene consumption. The thickness of the arrows 
indicates the contribution of the respective pathway to the total flux of C-atoms (contributions 
of the consumption of the individual molecule are indicated by percentages next to the 
arrows). 
Fig. 5. Main species mole fraction (xi) and perturbed temperature (T) profiles for the flames 
of the three butene isomers as a function of height above burner (h). Symbols represent the 
experimental data, lines represent the modeling results. Equilibrium values are indicated at 
32 mm. Perturbed temperature profiles were obtained from the MBMS measurements, with 
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NO-LIF calibration at 21.7 mm indicated in the insert table. T profiles were used as input 
parameters for the numerical simulation without any changes. 
Fig. 6. Selected C3 species profiles. Symbols and thin lines represent the experimental results, 
numerical results are represented by the corresponding thick lines. Measurements at h1 mm 
(open symbols) may be affected by sampling probe effects. 
Fig. 7. C3H4 isomers (allene and propyne). Mole fraction profiles (sum of C3H4) obtained in 
the MBMS experiment and respective model prediction (upper left panel), and results of the 
GC analysis for the m/z=40.031 signal obtained at h=3 mm for the three flames. Note that GC 
peaks must be corrected by calibration factors (see text) to obtain the quantitative ratios in 
Table 2. 
Fig. 8. C4H7 and C4H6 species profiles (sum of isomers). Symbols and thin lines represent the 
experimental results, numerical results are represented by the corresponding thick lines. 
Measurements at h1 mm (open symbols) may be affected by sampling probe effects. 
Fig. 9. Species profiles of butadiene destruction products. Symbols and thin lines represent 
the experimental results, numerical results are represented by the corresponding thick lines. 
Measurements at h1 mm (open symbols) may be affected by sampling probe effects. 
Fig. 10. Selected C1 and C2 species profiles. Symbols and thin lines represent the 
experimental results, numerical results are represented by the corresponding thick lines. 
Measurements at h1 mm (open symbols) may be affected by sampling probe effects. 
Fig. 11. Species profiles for sums of C5H8 as well as C5H10 isomers. Symbols and thin lines 
represent the experimental results, numerical results are represented by the corresponding 
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thick lines. Measurements at h1 mm (open symbols) may be affected by sampling probe 
effects. Note that modeling results are scaled by a factor of 0.25 for both panels. 
Fig. 12. Identification of C5H8 isomers: GC analysis for m/z=68.063 at h=3 mm for the three 
flames, and cold-gas calibration (lower right) for cyclopentene, isoprene, 1,4-pentadiene, and 
trans-1,3-pentadiene. 
Fig. 13. Identification of C5H10 isomers: GC analysis for m/z=70.078 at h=3mm for the three 
flames, and cold-gas calibration (lower right) for 3-methyl-1-butene, trans-2-pentene, 
2-methyl-1-butene, n-pentene, and cis-2-pentene. 
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Fig. 1. Experimental setup of the MBMS apparatus (top), showing flame chamber, first 
pumping stage, ionization chamber, and reflectron TOF-MS. Detailed sampling configuration 
(bottom), including the low-pressure GC sampling interface. Valve positions are indicated: 
continuous lines: "sampling", broken lines: "measurement". 
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Fig. 2. Integrated flow analysis of 1-butene consumption. The thickness of the arrows 
indicates the contribution of the respective pathway to the total flux of C-atoms (contributions 
of the consumption of the individual molecule are indicated by percentages next to the 
arrows). 
.   
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Fig. 3. Integrated flow analysis of 2-butene consumption. The thickness of the arrows 
indicates the contribution of the respective pathway to the total flux of C-atoms (contributions 
of the consumption of the individual molecule are indicated by percentages next to the 
arrows). 
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Fig. 4 Integrated flow analysis of i-butene consumption. The thickness of the arrows indicates 
the contribution of the respective pathway to the total flux of C-atoms (contributions of the 
consumption of the individual molecule are indicated by percentages next to the arrows). 
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Fig. 5. Main species mole fraction (xi) and perturbed temperature (T) profiles for the flames 
of the three butene isomers as a function of height above burner (h). Symbols represent the 
experimental data, lines represent the modeling results. Equilibrium values are indicated at 
32 mm. Perturbed temperature profiles were obtained from the MBMS measurements, with 
NO-LIF calibration at 21.7 mm indicated in the insert table. T profiles were used as input 
parameters for the numerical simulation without any changes. 
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Fig. 6. Selected C3 species profiles. Symbols and thin lines represent the experimental results, 
numerical results are represented by the corresponding thick lines. Measurements at h1 mm 
may be affected by sampling probe effects and are indicated by open symbols. 
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Fig. 7. C3H4 isomers (allene and propyne). Mole fraction profiles (sum of C3H4) obtained in 
the MBMS experiment and respective model prediction (upper left panel), and results of the 
GC analysis for the m/z=40.031 signal obtained at h=3 mm for the three flames. Note that GC 
peaks must be corrected by calibration factors (see text) to obtain the quantitative ratios in 
Table 2. 
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Fig. 8. C4H7 and C4H6 species profiles (sum of isomers). Symbols and thin lines represent the 
experimental results, numerical results are represented by the corresponding thick lines. 
Measurements at h1 mm (open symbols) may be affected by sampling probe effects. 
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Fig. 9. Species profiles of butadiene destruction products. Symbols and thin lines represent 
the experimental results, numerical results are represented by the corresponding thick lines. 
Measurements at h1 mm (open symbols) may be affected by sampling probe effects. 
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Fig. 10. Selected C1 and C2 species profiles. Symbols and thin lines represent the 
experimental results, numerical results are represented by the corresponding thick lines. 
Measurements at h1 mm (open symbols) may be affected by sampling probe effects.  
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Fig. 11. Species profiles for sums of C5H8 as well as C5H10 isomers. Symbols and thin lines 
represent the experimental results, numerical results are represented by the corresponding 
thick lines. Measurements at h1 mm (open symbols) may be affected by sampling probe 
effects. Note that modeling results are scaled by a factor of 0.25 for both panels. 
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Fig. 12. Identification of C5H8 isomers: GC analysis for m/z=68.063 at h=3 mm for the three 
flames, and cold-gas calibration (lower right) for cyclopentene, isoprene, 1,4-pentadiene, and 
trans-1,3-pentadiene.  
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Fig. 13. Identification of C5H10 isomers: GC analysis for m/z=70.078 at h=3mm for the three 
flames, and cold-gas calibration (lower right) for 3-methyl-1-butene, trans-2-pentene, 
2-methyl-1-butene, n-pentene, and cis-2-pentene. 
 
